The aim of this study was to evaluate the effect of different protein ingredients on performance, egg quality, organ health, and jejunum morphology of laying hens. A total of 216 32-wk-old Hy-Line W36 laying hens with similar egg production was randomly divided into 3 treatment groups with 6 replicates of 12 birds each. The experimental diets were isocaloric (metabolizable energy, 2 655 kcal/kg) and isonitrogenous (crude protein, 16.5%). The control group was fed a corn-soybean meal basal diet (SBM), and the other 2 experimental diets consisted of a basal diet with 195.0 g/kg low-gossypol cottonseed meal (LCSM) or 292.0 g/kg double-zero rapeseed meal (DRM). The feeding trial lasted 12 weeks. The egg production, daily feed intake, egg weight, and feed conversion ratio were not affected (P > 0.05) by diets used. The daily egg mass was decreased in the LCSM group in wk 7 to 12 (P < 0.05). Albumen height, Haugh unit, albumen weight, albumen proportion, and oviduct index were reduced in the 195.0 g/kg LCSM at wk 12 (P < 0.05), while yolk color was increased (P < 0.05). A lower yolk weight, yolk proportion, abdominal fat, dry matter of the liver, and fat content of the liver were observed in the DRM group at wk 12 (P < 0.05). Using LCSM or DRM as a sole protein ingredient in the diet reduced the ovomucin content of albumen when stored 28 d at 4
INTRODUCTION
Protein is the primary nutrient in the diets of laying hens. Soybean meal (SBM) is used as the preferred protein ingredient in the diets of laying hens due to its high nutritional value and favorable amino acid profile, and it is close to an ideal model (Martens et al., 2012) . Due to population growth, the soybean meal requirement for laying hens is coming into direct competition for soybean use in human consumption. This competition will only exacerbate the future food demand of egg consumption all over the world. To develop a more sustainable poultry industry, it is essential to explore soybean meal alternatives for laying hen diets.
When searching for alternative protein sources, cottonseed meal (CSM) and rapeseed meal (RSM) are important nontraditional protein ingredients in egg production (Gheisari and Ghayor, 2014; He et al., 2015 But the certain anti-nutritional factors (i.e., free gossypol and glucosinolate) and the relatively low digestibility of their essential amino acids limit their utilization in laying hens' diets (Adeyemo, 2008; Gheisari and Ghayor, 2014) . To overcome these undesirable factors, coupled with the progress in processing techniques, has improved the method of oil extraction, which has resulted in low-gossypol CSM (LCSM) (Sterling et al., 2002) . LCSM is a byproduct of oil extraction from cottonseeds, which is devoid of high-temperature heating, greatly reducing husk levels and maintaining nutrient density. Moreover, the degossypolization process highly decreases free gossypol (FG) levels. Compared to traditional cottonseed meal, LCSM contains higher levels of CP (+8.70%), ME (+16.20%), Lys (+6.15%), Thr (+11.90%), Met (+32.30%), Cys (+38.67%), and Arg (+11.76%) (Feed Database in China, 2014) . Doublezero rapeseed meal (DRM) is used as a protein ingredient in broiler feed, which contains a low level of antinutritional factors and has a well-balanced amino acid (AA) composition comparable to that of soybean meal, especially in sulfur-containing AAs (Woyengo et al., 2010; Khajali and Slominski, 2012) . LCSM and DRM are attractive alternative protein ingredients for poultry diets. Some previous studies in our laboratory found that the Haugh unit (HU) and albumen height were significantly reduced in fresh eggs from hens fed a diet with equal or above 187.0 g/kg LCSM under the same digestible amino acid (Dig AA) profiles (He et al., 2015; Wang et al., 2016) and in eggs stored at low temperature compared with SBM diet . The presence of FG in LCSM was not the primary reason for the reduction in the Haugh unit and albumen height in the 187.0 g/kg LCSM diet (He et al., 2015) . Another trial found no significant difference in fresh eggs from hens fed a diet with 292.0 g/kg DRM (Wang et al., 2016) .
Currently, there is little information on the albumen quality, organ health, and jejunum morphology of LCSM and DRM in laying hen diet. Therefore, the objective of this study was to investigate the effects of SBM, LCSM, and DRM on the laying performance, egg quality, organ health, and jejunum morphology of laying hens under the same digestible amino acid profile.
MATERIALS AND METHODS

Bird Maintenance and Dietary Treatments
The experimental protocol was approved by the Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences, Beijing.
A total of 216 layers (Hy-Line W36) at 32 wk of age with similar egg production were randomly assigned to 3 treatment groups (of 3 layers per cage, cage dimensions 55 cm × 37 cm × 40 cm), with 12 layers per replicate and 6 replicates per treatment. The temperature and RH of the housing were 14 ± 2
• C and 50 to 65%, respectively. The photoperiod was set to 16L:8D throughout the study. All hens were allowed ad libitum access to water and feed.
The control group was fed a corn-soybean meal basal diet (SBM), and the other 2 experimental diets included 195.0 g/kg LCSM (free gossypol: 302.54 mg/kg) or 292.0 g/kg DRM (isothiocyanate: ND; oxazolidine thioketone: 0.34 mg/g), respectively, of the dietary protein content provided by soybean meal in the control group were replaced with LCSM or DRM. All diets were formulated at a fixed level of dietary protein of 16.50% and energy of 2,655 kcal of ME/kg. The treatment diets were supplemented with Met, Lys, Trp, Thr, Ile, Val, Cys, and Arg crystalline amino acids to reach the same Dig AA profile (Lemme, 2009 ). The recommended ratios of SID Met, Met+Cys, Ile, Thr, Trp, Val, and Arg to SID Lys were 50, 91, 80, 70, 21, 88 , and 104%, respectively. Table 1 presents the ingredients and nutrient composition of the experimental diets. All energy and protein ingredients (i.e., corn, SBM, LCSM, and DRM) were analyzed for Ca, P, CP, and total AA before diet formulation, whereas the values of standardized ileal digestible (SID) AA in each protein ingredient were calculated based on AA results, according to the SID coefficients provided by AminoDat 4.0 (2010). The samples were prepared using a nitric-perchloric acid wet ash prior to determine Ca and P contents (AOAC International, 2000) . The diets were formulated to meet or exceed the NRC requirements (National Research Council, 1994) . The crude protein and total AA contents of each treatment diet were re-analyzed before the beginning of the experiment. The analysis of total AA was performed with L-8900 Amino Acid Analyzer (Hitachi Limited, Tokyo, Japan). The dry matter, crude protein, and SID AA values of the LCSM and DRM are shown in Table 2 .
Egg Performance
Daily egg number, total egg weight, number and weight of large eggs (above 70.0 g) or small (below 50.0 g) eggs, broken and shell-less egg number (i.e., abnormal egg), and biweekly feed consumption were recorded and summarized as hen-day egg production (EP), egg weight (EW), daily feed intake (DFI), feed conversion ratio (FCR), and daily egg mass (DEM) on a biweekly (14 d) basis. The EW was calculated as the mean weight of the total eggs (without oversized or subminiature eggs). The FCR was calculated as egg mass divided by feed consumption. Mortality was recorded daily as it occurred. Then, DFI and DEM were adjusted with mortality and calculated as: DFI = feed consumption (g)/(hens number × days); DEM = total egg weight (g)/(hens number × days). EP, DFI, DEM, EW, and FCR were calculated at wk one to 6, and wk 7 to 12. The experiment of productive performance started at 33 wk of age and continued for 12 weeks.
Fresh Egg Quality and Composition
Three eggs from each replicate with the weight close to replicate average were collected for interior and exterior quality tests at the end of wk 6 and 12. The shape index was calculated according to the following formula: shape index = [height (mm)/width (mm)] × 100. The eggshell breaking strength was measured using the Egg Force Reader (ORKA Technology Ltd, Ramat HaSharon, Israel). Eggshell thickness was a mean value of the measurements at 3 locations on the surface (air cell, equator, and sharp end) using the Eggshell Thickness Gauge (ESTG-1, ORKA Technology Ltd, Ramat HaSharon, Israel). Eggshell toughness was measured according to the methods and formulas described by Ahmed et al. (2005) . The albumen height, yolk color, and HU were measured using the Egg Analyzer TM (ORKA Food Technology Ltd, Ramat HaSharon, Israel).
The egg was individually weighed and broken, and the yolk was separated from the albumen. The yolk weight was determined after the chalaza was removed with forceps. Each yolk was rolled on a paper towel to remove adhering albumen. The eggshell were washed, air-dried, and weighed. Albumen weight was calculated by subtracting the yolk and eggshell weight from the whole EW. The albumen proportion (yolk or eggshell) (%) = albumen (yolk or eggshell) weight/egg weight × 100.
Ovomucin Content of Albumen under Cold Storage Condition
At the end of the feeding trial, eighteen eggs were selected from each treatment. A total of 6 eggs from each treatment were collected and measured for ovomucin content of albumen within 24 h after laying, after storage for 14 d and 28 d at 4
• C. The eggs were placed small-end down on egg racks and stored in the cool area of a refrigerator (4 • C). The RH was regulated at 50 to 60% for all treatments.
Ovomucin was extracted according to the method of Omana and Wu (2009) . Briefly, the eggs were broken manually and the egg white was separated from the egg yolk. After removing chalazae, the egg white was homogenized using a stirrer (Jintan Ronghua Instrument Manufacture CO., Ltd, Jiangsu, China) for 30 min at room temperature (22 • C). Stirring speed was set at 350 rpm to avoid foaminess. Ovomucin was first prepared using isoelectric precipitation in the presence of 100 mM NaCl solution. The dispersion was kept overnight at 4
• C and separated by centrifugation at 15,300 g for 10 min at 4
• C. The precipitate was further suspended in 500 mM NaCl solution while stirring for 4 h followed by overnight settling at 4
• C. After centrifugation at 15,300 g for 10 min at 4
• C, the precipitate was freeze-dried and weighed.
Organ Index and Liver Characteristics
At the end of the feeding trial, one laying hen from each replicate was chosen randomly, weighed and sacrificed by exsanguination via the left jugular vein. After exsanguination, heart, liver, spleen, lung, kidney, oviduct, and abdominal fat were collected and then weighed. The organ index used the formula: organ index (%) = organ weight/body weight × 100. Liver samples were freeze-dried to constant weight to obtain percent dry matter. The dry matter content of liver (%) = dried weight of liver/fresh weight of liver × 100. The percent liver fat was determined according to the methods and formulas described by Folch et al. (1957) .
Histochemical Assessment of Jejunum, Liver, Kidney, and Magnum
Portions of the jejunum, liver and kidney, and magnum of oviduct tissues were fixed in 10% buffered neutral formalin (Sinopharm Chemical Reagent Beijing Co., Ltd., Beijing, China). For the histochemistry studies, the formalin-fixed jejunum, liver, kidney, and magnum samples were stained with hematoxylin and eosin (HE) according to the method of Jadhav et al. (2007) . All reagents used were analytical grade (Sinopharm Chemical Reagent Beijing Co., Ltd. Beijing, China). The jejunum villous height and crypt depth at the end of the feeding trial were determined under light microscope; the ratio of the jejunum villous height to crypt depth was calculated. The histochemistry was examined with a light microscope (BX51, Olympus Corp., Tokyo, Japan). Histochemistry assessment was performed and interpreted by qualified staff in the Department of Veterinary Pathology of China Agricultural University.
Statistical Analysis
All data were analyzed using a one-way analysis of variance (ANOVA, SPSS 19.0 for Windows, SPSS Inc., Chicago, IL). When significant differences were found a 5% of variance average was used, with a Tukey's multiple comparison tests for comparisons among the groups. A P-value of less than 0.05 was considered significant.
RESULTS
Egg Performance
The effect of different protein ingredients on egg performance is presented in Table 3 . No significant differences in egg production were observed among all treatments at the beginning of the experiment (P > 0.05, data not shown). No significant differences were observed on EP, EW, DFI, FCR, or DEM among groups in wk one to 6 (P > 0.05). During wk 7 to 12, the different protein ingredients did not affect the EP, EW, DFI, or FCR but significantly affected the DEM (P = 0.04). The LCSM group showed minimal DEM compared with the SBM group (P < 0.05). No animal from any group displayed clinical signs during the trial period.
Egg Quality and Egg Components
The effects of different protein ingredients on the external egg quality of laying hens are presented in Table 4 . No differences were found for egg shape index, eggshell breaking strength, eggshell thickness, or eggshell toughness among all treatments at wk 6 and 12 (P > 0.05). The effects of different protein ingredients on the internal egg quality of laying hens are shown in Table 4 . Interior egg quality, including albumen height, Haugh unit, and yolk color were not affected by the dietary protein sources at wk 6 (P > 0.05). At wk 12 of the feeding trial, there were distinct differences in albumen height (P = 0.03), HU (P = 0.02), and yolk color (P = 0.02) among dietary treatments. The LCSM group had lower (P < 0.05) albumen quality (albumen height and HU) than the SBM and DRM groups. The yolk color in the LCSM group was more greatly increased than that of the other groups (P < 0.05).
The ovomucin content of albumen under cold storage condition from laying hens fed with SBM, LCSM, or DRM diet are shown in Figure 1 , which in the experimental period evaluated did not have a significant difference for fresh eggs and after storage to 14 d at 4
• C(P > 0.05). The ovomucin content of albumen in the LCSM diet and the DRM diet were lower than that in the SBM diet when stored to 28 d under cold storage condition (P < 0.05). The ovomucin content of albumen was decreased among groups with increasing storage time under cold storage condition.
There were no significant differences regarding albumen weight, albumen proportion, yolk weight, yolk proportion, eggshell weight, and eggshell proportion among all treatment groups at wk 6 (P > 0.05, Table 5 ). No significant differences were observed regarding eggshell weight and eggshell proportion among all groups at wk 12 (P > 0.05). A significant difference was also observed for albumen weight (P = 0.02), albumen proportion (P < 0.01), yolk weight (P = 0.02), and yolk proportion (P < 0.01) among all groups at wk 12. The LCSM group had a decreased albumen weight and albumen proportion compared with the SBM group (P < 0.05). The DRM group had decreased yolk weight and yolk proportion compared with the SBM group (P < 0.05).
Organ Characteristics, Liver Composition, Jejunum Morphology, and Histochemical Assessment of the Liver, Kidney, and Magnum
There were no significant differences in body weight, cardiac index, spleen index, lung index, kidney index, liver weight, and liver index among all treatment groups at the end of the trial (P > 0.05, Table 6 ). Significant differences were observed in the oviduct index (P = 0.02), abdominal fat (P = 0.03), dry matter of the Values within a row with no common superscripts differ significantly (P < 0.05).
liver (P = 0.02), and fat content (P = 0.03) of the liver among all groups. The LCSM group had a smaller oviduct index than the SBM group (P < 0.05). The abdominal fat, dry matter, and fat content of liver in the DRM group were lower than those in the SBM group (P < 0.05). The villous height of the jejunum in the LCSM group was lower than that in the other treatments (P < 0.05, Table 7 ). Histological lesions were not observed in the liver, kidney, or magnum tissues of laying hens in the SBM, LCSM, and DRM groups (Figure 2) . However, the mucosal columnar epithelial cell layer of the magnum in the LCSM group was incomplete, and there was a little egg white secretion in the lumen of the magnum. 
DISCUSSION
No animal from any group displayed clinical signs during the feeding trial period. It is demonstrated that when incorporating cottonseed meal in a laying hen diet, the FG level should be kept at least below 100 mg/kg (Davis et al., 2002) . In the present study, the FG concentration of the LSCM diets was 56.50 mg/kg and the FG level was far less than the suggested FG level (below 100 mg/kg, Davis et al., 2002) . It was speculated that the adverse effect on egg weight was not relevant to the presence of FG in the LCSM group (He et al., 2015) . It was reported that reducing the dietary protein level can decrease egg mass (Novak et al., 2006) . In contrast, Harms and Russell (1993) reported that decreasing the dietary protein level with supplemental crystalline amino acids did not affect egg mass. Thus, the negative effect of low-protein diets on egg mass may be due to a shortage in certain amino acids. In the current study, the laying hens were fed diets supplemented with Met, Lys, Trp, Thr, Ile, Val, and Cys crystalline amino acids to reach the same SID AA profile (Lemme, 2009 ). Our finding is consistent with that of a previous study, which suggested that the egg weight was decreased when layers were fed 189.0 g/kg LCSM with 28.11 mg/kg FG under the same digestible amino acid profile (He et al., 2015) . One reason for the egg mass reduction was likely due to the difference in the content of SID Arg, Phe, His, and Leu in the LCSM diet compared with that in the SBM group (Table 2) . It was suggested that the amino acid profile may change the expression of amino acid transporters (Gilbert et al., 2008) ; amino acids in the diet will exert their effects on extra-intestinal tissues after being absorbed by the small intestine, and the transportation of these nutrients is a key regulatory step in utilization of dietary protein (Baker, 2009; He et al., 2013) . The SID Arg:Lys ratio in the LCSM group was higher than that in the SBM group (147 and 118), and the excessive Arg could not be eliminated in the LCSM group under the CP level. An antagonism between Arg and Lys is well documented in poultry (Brake, 1998) . The SID Leu:Lys ratio in the LCSM group was lower than that in the SBM group (120 and 162), and Leucine, as one of the branched-chain amino acids (BCAA), plays a critical role in protein synthesis and degradation (Yin et al., 2010) ; the shortage of Leu content in the LCSM diet might adversely affect protein synthesis in vivo in the present study. Additionally, the other anti-nutritional factors or the composition of fiber types (Watkins et al., 1993) may contribute to egg mass depression. Tannins may form complexes with protein and proteolytic enzymes in the gastrointestinal tract, thereby reducing the digestibility of protein (Khajali and Slominski, 2012) , and phytic acid can reduce the digestion and utilization of protein (Cowieson et al., 2004) .
Numerous studies indicated that CSM could be used in laying hen diets at a level of 100 g/kg (FG level 72 mg/kg) or less without negatively impacting consumer acceptance of the produced eggs but that this reduced the Haugh unit and albumen height of the eggs (Davis et al., 2002; Yuan et al., 2014) . The HU was calculated using the height of the inner thick albumen and the weight of an egg (Haugh, 1937) . Ovomucin (∼3.5 %) is responsible for the thick gel characteristics of liquid egg whites (Omana et al., 2010) . The HU was influenced by the ovomucin content of the egg. Our present study agreed with the previous study (He et al., 2015) in finding no adverse effects on egg quality in the 195.0 g/kg LCSM group (FG 56.50 mg/kg) compared with the SBM group at wk 12, but reduced only the Haugh unit, albumen height, albumen weight, and the albumen proportion. The albumen height decreased with decreased dietary protein level due to an insufficient daily protein intake, and the presence of FG in the LCSM was not the primary reason for the reduction in the Haugh unit and albumen height in hens fed 189.0 g/kg LCSM (Tarasewicz et al., 2006; He et al., 2015) . Additionally, our current study was consistent with previous studies, which suggested that the ovomucin content of albumen was decreased with increasing storage time under refrigerated condition (Wang et al., 2012) . There was a remarkable reduction in ovomucin content of albumen in the LCSM and DRM groups compared with the SBM group after 28 d at cold storage condition. It agreed with our previous study that a reduction of HU in the cottonseed protein and the DRM groups was observed compared with that in the SBM group when stored 28 d under refrigerated condition . The negative effect of nontraditional plant protein ingredient diets on albumen quality may be due to the other factors as described before influencing the digestion and deposition into albumen (especially ovomucin) in vivo (Novak et al., 2006) . However, the exact mechanism of reduced albumen quality remains to be clarified.
Free gossypol is the main anti-nutritional factor in CSM that causes limited utilization in poultry diets. Free gossypol may result in brown yolk produced when laying hens are fed a diet containing cottonseed meal (Phelps, 1966; Lordelo et al., 2007) . Yolk discoloration was not observed even in the LCSM group (FG, 56.57 mg/kg) in the study. Our study agrees with those of previous studies (Nelson, 2004; He et al., 2015) . Nelson (2004) reported that yolk discoloration was not observed in diets containing 125 g/kg CSM (FG, 100 mg/kg); however, egg yolk color tended to increase with a higher level of low-gossypol cottonseed meal in diet. Presumably, 56.57 mg/kg FG is far lower than the FG level that causes yolk discoloration. However, egg yolk color was increased in the LCSM group, which may be due to the presence of cottonseed pigments in LCSM (Phelps, 1966) . As noted above, the current study showed that both the laying performance and egg quality were not depressed in the LCSM group or DRM group in laying hens for 6 wk of feeding, whereas depression was observed when the feeding trial was extended to 12 wk, which demonstrated that LCSM or DRM could be supplemented into diets as a sole dietary protein ingredient for a short period (6 wk) without any negative effect on laying performance and egg quality. LCSM and DRM represent attractive alternative protein ingredients for SBM in the short-term.
The liver and kidney are not only the main sites of biotransformation and detoxification but also represent sensitive target organs of anti-nutritional factors. In the current study, we observed no significant changes in the liver or kidney in all groups, which was in line with an earlier report claiming that 189.0 g/kg low-gossypol cottonseed meal in the diet did not affect the histological characterization of the liver or kidney in layer feeding for 12 wk (He et al., 2015) . It showed that a nontraditional plant protein ingredient (i.e., LCSM and DRM) did not induce histological lesions in the liver or kidney of layers under this experimental condition. Additionally, the small intestine is the main site of nutrient absorption of chickens. Our study confirmed that villus height was significantly decreased in the LCSM group compared with the SBM group. The reduction in villus height would reduce the surface area available for absorption of nutrients and this may partially explain the reduced daily egg mass. This could be due to some other factors as described previously that disrupt nutrient absorption in the intestines by shedding the brush border membrane of the enterocytes (Makkar, 2007) . The magnum is the longest region of the avian repro-ductive tract, making up to 50% of the total oviduct length in domestic fowls, and contributes a range of proteins during egg formation (Wyburn et al., 1970) . Our study confirmed that the magnum index was significantly decreased in 195.0 g/kg LCSM group compared with the SBM group, and the mucosal columnar epithelial cell layer of the magnum was incomplete; there was a little egg white secretion in the lumen of the magnum. This finding was consistent with results observed for the lower HU and albumen height in the LCSM group. It is well documented that the production of watery eggs is associated with morphological changes in the luminal and glandular epithelia of the magnum (Chousalkar and Roberts, 2007; Kimaro et al., 2013) . In addition, the abdominal fat, dry matter of the liver, and fat content of the liver was decreased when layers were fed 292.0 g/kg DRM diet among all groups. The soybean oil supplementation in the DRM group was higher than that in the SBM group (1.81 vs. 0.13), and the dietary supplemental vegetable oil could significantly reduce the fat content of liver (Schumann et al., 2003) .
In summary, feeding laying hens with LCSM diet and DRM diet for 6 wk did not negatively affect the laying performance and egg quality, whereas feeding the 195.0 g/kg LCSM diet for 6 more wk decreased daily egg mass and albumen quality. The adverse effect of LCSM diet on internal egg quality might be associated with the reduction of absorption ability in the jejunum and secretion capacity in the magnum. These results indicate that LCSM or DRM may serve as alternative protein ingredients for SBM for a short term (6 wk), but the long-term feeding of LCSM diet (up to 12 wk) may adversely affect the laying performance and egg quality, even if the diet was balanced on ideally amino acid mode by supplementation of crystalline essential amino acids.
